The effects of improved survival of EPT infants on morbidity among survivors remain largely controversial. This retrospective cohort study of the Korean Neonatal Network data investigated whether the mortality rate of 23-24 weeks' gestation was associated with survival without major morbidities in periviable 25-26 weeks' gestation infants. The 2,083 eligible infants with 23-26 weeks' gestation were grouped based on institutional mortality rate (group 1 and 2 ≤50% and >50% mortality rate, respectively, for 23-24 weeks' gestation) and were further divided into 23-24 and 25-26 weeks' gestation subgroups. The mortality rate of 23-24 weeks' gestation infants was significantly lower in group 1 (32.7%) than in group 2 (69.9%). The survival without major morbidities rate for 25-26 weeks' gestation infants was significantly higher in group 1 (31.2%) than in group 2 (18.5%). Antenatal steroid use and Apgar score at 5 min in group 1 were associated with decreased mortality and survival without major morbidities in 23-24 and 25-26 weeks' gestation infants, respectively. In the multivariate analyses, decreased mortality rates in 23-24 weeks' gestation infants were associated with higher survival without major morbidities rates in 25-26 weeks' gestation infants due to decreased bronchopulmonary dysplasia, periventricular leukomalacia, and late-onset sepsis. Evidence-based perinatal and neonatal practices, including antenatal steroid use and better delivery room care contributing to decreased mortality in periviable 23-24 weeks' gestation infants, were associated with lower morbidity and higher survival without major morbidities in more mature 25-26 weeks' gestation infants.
the mortality rate of infants with 23-24 weeks' gestation and evidence-based perinatal and neonatal management, including antenatal steroid use and better delivery room care, contributed to the enhanced survival of these EPT infants close to the limit of viability 13 . With the above in mind, we aimed to determine whether the improved survival of infants with 23-24 weeks' gestation is associated with less major morbidity and more survival without major morbidities in more mature infants with 25-26 weeks' gestation.
Results
Demographic and perinatal characteristics. According to the data of the National Statistical Office, the number of 23-26-week infants born in Korea in 2013-2016 was 3,005. In this study, 2,184 infants at 23-26 weeks were registered 14 . Table 1 shows a comparison of demographic and perinatal characteristics of the infants born at 23-24 weeks' and 25-26 weeks' gestation between the two study groups. In the overall group (infants with 23-26 weeks' gestation), gestational age, birth weight, and caesarean section rate were significantly lower and antenatal steroid use, histologic chorioamnionitis, and in vitro fertilisation rates were significantly higher in group 1 compared to group 2. In infants with 23-24 weeks' but not in those with 25-26 weeks' gestation, the Apgar score at 1 and 5 min was significantly higher in group 1 than those in group 2. There were 68 births outside of hospital, 33/1074 (3.1%) babies were born outside of hospital in group 1 and 35/1009 (3.5%) babies were born outside of hospital in group 2. There were no significant differences in 23-24 weeks' gestation in the 15/398 (3.8%) infants at 23-24 week' gestation in group 1 and 9/322 (2.8%) infants in group 2. Table 2 shows the mortality, composite morbidity, and survival without major morbidities of infants in the two study groups. The overall and gestational age-specific mortality rates in group 1 www.nature.com/scientificreports www.nature.com/scientificreports/ were all significantly lower than those in group 2. In the infants with 25-26 weeks' but not 23-24 weeks' gestation, the survival without major morbidities rate was significantly higher and the incidence of BPD and periventricular leukomalacia (PVL) were significantly lower in group 1 than in group 2. The overall incidence of late-onset sepsis (LOS) in the infants with 23-26 weeks' gestation was significantly lower in group 1 than in group 2. The overall incidence of ROP in infants with 23-26 weeks' gestation was significantly higher in group 1 than in group 2 (p = 0.001).
Mortality and morbidity.
Clinical factors associated with mortality and survival without major morbidities. Tables 3 and   4 shows the results of the multiple logistic regression analysis of the clinical factors associated with mortality and clinical factors associated with survival without major morbidities stratified by gestational age group, respectively. Adjusted variables were gestational age, birth weight (100 g increments), Apgar score at 5 min, antenatal steroid use, delivery mode, and histologic chorioamnionitis.
In the infants with 23-24 weeks' gestation, birth weight in both groups 1 and 2, antenatal steroid use in group 1 but not 2, and gestational age in group 2 but not 1 were clinical factors significantly associated with lower mortality (Table 3 ). In infants with 25-26 weeks' gestation, birth weight and chorioamnionitis in groups 1 and 2 and Apgar score at 5 min in group 1 but not 2 were clinical factors associated with mortality.
In infants with 23-24 weeks' gestation, caesarean section was associated with survival without major morbidities at discharge only in group 1 ( Table 4 ). In the infants with 25-26 weeks' gestation, gestational age and birth weight in both groups 1 and 2, Apgar score at 5 min in group 1 but not 2, and body temperature at admission in group 2 but not 1 were clinical factors significantly associated with survival without major morbidities. Table 5 shows the adjusted odds ratios (ORs) and 95% confidence intervals (CIs) for mortality, survival without major morbidities at discharge, and each morbidity in group 1 versus group 2 with adjustment by multivariate logistic regression. In multiple logistic regression, significantly different clinical factors associated with mortality and survival without morbidities between group 1 and group 2 and previously known factors were adjusted. Therefore, we have chosen the clinical factors which were significantly different at least in 2 GA subgroups from Table 1 . The adjusted variables were gestational age, birth weight (100 g increments), Apgar score at 5 min, antenatal steroid use, delivery mode, histologic chorioamnionitis, and in vitro fertilisation. In the infants with 23-24 weeks' gestation, the OR of mortality was significantly increased and the incidence of PVL was significantly decreased in group 2 compared to group 1. In the infants with 25-26 weeks' gestation, the ORs of mortality, BPD, intraventricular haemorrhage grade 3 or 4 (severe IVH), PVL, and LOS significantly increased and the OR of survival without major morbidities at discharge were significantly decreased in group 2 than in group 1.
Discussion
Besides improving mortality, increasing survival without major morbidities in periviable EPT infants is another important goal of neonatal intensive care. In a previous study, we reported that despite marked immaturity itself, the limit of viability in periviable EPT infants with 23-24 weeks' gestation was not static and could thus be much improved by providing evidence-based perinatal and neonatal intensive care besides active treatment policies 10, 11, 15 . In the present study, the survival rate of EPT infants born at 23-26 weeks' gestation was significantly higher in group 1 than in group 2, especially in the infants with 23-24 weeks' gestation. This improved survival rate of EPT infants with 23-24 weeks' gestation was accompanied by significantly lower morbidity (including BPD, severe IVH, PVL, and LOS) and resultant higher survival without major morbidities rates in more mature infants with 25-26 weeks' gestation but not those with 23-24 weeks' gestation. In concordance with our data, Yonge et al. 2 reported that significantly reduced mortality in infants with 22-24 weeks' gestation during the last decade in the NICHD NRN data was associated with a significantly improved rate of survival without neurodevelopmental impairment at 18-22 months of corrected age. Stoll et al. 1 also showed that improved survival of infants with 23-24 weeks' gestation during the last two decades in the NICHD NRN data was accompanied by survival without major morbidities in more mature infants with 25-28 weeks' gestation. Overall, these findings suggest that evidence-based perinatal and neonatal clinical practices contributing to the decreased mortality rate of most immature infants born at 23-24 weeks' gestation simultaneously contribute to improving survival without major morbidities in more mature EPT infants with 25-26 weeks' gestation. As a result, considerably more EPT infants could enjoy potentially better clinical outcomes and quality of life 16 . Identifying the clinical factors associated with mortality and survival without major morbidities is essential for developing new and effective clinical strategies, not only to overcome the limit of viability but also to improve the quality of life in periviable EPT infants 3 . In our previous studies, antenatal steroid use, Apgar score at 5 min, and body temperature at admission were significantly associated with decreased mortality in EPT infants 15, 17 . In our previous study, Apgar score at 5 min and lower serum albumin level were the most effective universal predictors of mortality regardless of gestational age within postnatal day 7 (primarily due to pulmonary causes) and after postnatal day 7 (primarily due to capillary leak) 18 . In the present study, antenatal steroid use and Apgar score at 5 min in group 1 but not in group 2 were clinical factors associated with mortality in infants with 23-24 and 25-26 weeks' gestation, respectively. For survival without major morbidities, Apgar score at 5 min in group 1 and body temperature at admission to the neonatal intensive care unit (NICU) in group 2 were clinical factors associated with survival without major morbidities in infants with 25-26 weeks' gestation. Collectively, these findings suggest that applying evidence-based perinatal and neonatal intensive care practices, such as antenatal steroid use, better delivery room care including seamless resuscitation conducted by a well-experienced and skilful neonatologist, prevention of heat loss, better early admission care, and prevention of nosocomial sepsis, would be effective not only for improving the survival of periviable infants but also for simultaneously reducing major morbidities, thus increasing survival without major morbidities in the more mature EPT infants.
In the present study, significantly increased survival without major morbidities was achieved by significantly reduced morbidities (such as BPD, severe IVH, PVL, and LOS). Significantly reducing the incidence of severe www.nature.com/scientificreports www.nature.com/scientificreports/ IVH and PVL might contribute to reduced neurodevelopmental impairments 1, 2 . In accordance with the present data, we previously observed that improved survival in infants with 23-24 weeks gestation was associated with the significantly reduced incidence of BPD and nosocomial sepsis 10, 11 . However, in contrast, Stoll et al. 1 reported that while major morbidities, including LOS, were significantly reduced for infants with 25-28 weeks' gestation with improved survival of infants born at 23-24 weeks, the incidence of BPD was increased. Although few effective treatments are clinically available for treating BPD, wide variability in BPD occurrence across hospitals and some success in reducing the BPD incidence rate within individual hospitals through quality improvement efforts suggests that the identification and implementation of specific neonatal intensive care practices could modify the incidence of morbidities such as BPD 19, 20 . In our previous studies, clinical implementation of a less invasive ventilation strategy, including early continuous positive airway pressure after early extubation and less use of oxygen, was effective for reducing not only LOS but also other major morbidities associated with extreme prematurity, such as BPD 10, 11 . Taken together, these findings suggest that although it might be difficult to identify which specific clinical strategy plays a pivotal role, quality improvements through evidence-based perinatal and neonatal care practices as a whole can be quite effective for reducing the incidence of major morbidities, thereby increasing survival without major morbidities especially in the more mature infants with 25-26 weeks' gestation, which is accompanied by the improved survival of the infants with 23-24 weeks' gestation. Contrary to this, the overall incidence of ROP in infants with 23-26 weeks' gestation was significantly higher in group 1 than in group 2. Increased incidence of ROP in the higher surviving group of VLBWI was due to competing outcomes, and further studies are necessary to clarify multiple factors associated with ROP.
The limitations of the present study include its retrospective and uncontrolled observational study design on prospectively collected nationwide cohort data. Furthermore, although our data are representative nationwide, including all tertiary NICUs in Korea, the temporal profile of the changes in the association between mortality and survival without major morbidities could not be analysed in this study because data were collected over a short time period. Lack of long-term follow-up outcome data is another limitation of this study. Although study group according to the mortality rate of infants with 23-24 weeks' gestation was included as an independent factor in the multivariate analyses of associated clinical factors for mortality and survival without major morbidities, it is possible that unknown confounders might not have been controlled in this retrospective study. However, although the consistency of any specific clinical management policies within each group was not controlled, the significantly higher antenatal steroid use and Apgar score at 5 min in group 1 suggests that evidence-based perinatal and neonatal intensive care practices were provided in group 1 than in group 2. This implies that this nationwide study was well placed for identifying clinical strategies associated with decreased mortality and survival without major morbidities of periviable EPT infants, which might also redeem the limitations of the study.
In conclusion, a reduced mortality rate of infants born at 23-24 weeks' gestation was accompanied by a significantly higher survival without major morbidities rate for the more mature infants with 25-26 weeks' gestation, www.nature.com/scientificreports www.nature.com/scientificreports/ which was mostly attributable to decreased incidences of major morbidities, including BPD, severe IVH, PVL, and LOS. Antenatal steroid use and Apgar score at 5 min were clinical factors associated with decreased mortality and survival without major morbidities of EPT infants. Collectively, clinical implementation of more aggressive perinatal and improved neonatal intensive care practices could simultaneously lead to decreased mortality and survival without major morbidities in periviable EPT infants.
Methods
Patients. The database registry of the KNN prospectively registered the clinical information of VLBWIs admitted to the 67 voluntarily participating NICUs covering >80% of VLBWIs in Korea 12, 21 . The enrolment criteria of KNN is registering only VLBWIs actively resuscitated in the delivery room, and admitted to the NICU in this study. Resuscitating infants >24 weeks' gestation is mandatory by law in Korea, but most Korean tertiary NICUs are currently willing to resuscitate infants up to 23 weeks' gestation. Trained staff used a standardised operating procedure to collect demographic and clinical information. Of the 8,287 VLBWIs born between January 1, 2013, and December 31, 2016, who were registered in the KNN, we collected data on 2,184 infants born at 23 weeks 0 days to 26 weeks 6 days of gestation. Forty ungrouped infants with 25-26 weeks' gestation registered from the 9 NICUs were excluded as there was no registry of infants with 23-24 weeks' gestation and we could not group these infants because of their lack of registry in the infants at 23-24 weeks' gestation; moreover, 61 infants with major congenital anomalies were excluded from the study. Fifty-six of the 67 participating NICUs which had policy of actively resuscitating infant at 23-24 weeks enrolled more than one infant with 23-24 weeks' gestation. We divided the units into two groups according to the (1) baseline mortality of the infants at 23-24 weeks' gestation in this study and (2) the baseline mortality of 50% of the infants at 23-24 weeks' gestation based on previous studies, which show that decreased mortality from 51% to 47% of infants at 23-24 weeks' gestation is associated with increased survival without major morbidity of more mature infants at 25-28 weeks' gestation (1). Given the wide institutional variation in the mortality rate of these infants, we divided all 2,083 infants with 23-26 weeks' gestation into two groups: group 1 included patients from centres with a ≤50% mortality rate for 23-24 weeks' gestation (1,074 patients from 24 hospitals) and group 2 included patients from centres with a >50% mortality rate for 23-24 weeks' gestation (1,009 patients from 32 hospitals) (Figs 1 and 2) . The infants were further stratified into those with 23-24 weeks' gestation (n = 398 from 24 NICUs and 322 from 32 NICUs for groups 1 and 2, respectively) and 25-26 weeks' gestation (n = 676 and 687 for groups 1 and 2, respectively).
We compared maternal and neonatal variables, including gestational age, birth weight, sex, antenatal corticosteroid use, chorioamnionitis, premature rupture of membranes (PROM), Apgar score at 1 and 5 min, hypertensive disorder of pregnancy, in vitro fertilisation, and body temperature at admission to the NICU, born inside or outside hospital between group 1 and 2 in the 23-24 and 25-26 weeks' gestation subgroups. We also compared mortality rates and various major morbidities, including BPD, severe IVH, PVL, necrotising enterocolitis (NEC), retinopathy of prematurity (ROP), and LOS between groups 1 and 2 in the 23-24 and 25-26 weeks' gestation subgroups.
Definitions. We complied a network database operation manual to define the patient characteristics. In the manual, gestational age was determined from the obstetric history based on the last menstrual period. Antenatal steroid use was defined as the administration of any corticosteroid to the mother at any time before delivery to accelerate foetal lung maturity. Chorioamnionitis was confirmed by placental pathology 22 and PROM was defined as rupture of membranes over 24 hours before the onset of labour. BPD was defined as the use of supplemental oxygen or respiratory support at 36 weeks' gestational age, corresponding to moderate to severe BPD using the severity-based definition for BPD of the National Institutes of Health consensus 23 . Severe IVH was defined as grade 3 or 4 according to the classification of Papile et al. 24 PVL was defined as cystic PVL based on either head ultrasonography or cranial magnetic resonance imaging performed at ≥2 weeks of age. NEC was defined as ≥ stage 2b according to the modified Bell criteria 25 . ROP was defined as ≥stage 3 during the NICU admission according to an international committee for the classification of ROP 26 . LOS was defined by a positive blood culture obtained after postnatal day 7 in symptomatic infants suggestive of septicaemia and more than 5 days of antibiotic treatment. Survival without major morbidities was defined as survival without moderate to severe BPD, severe IVH, PVL, NEC, ROP, and LOS at the time of discharge.
Statistical analysis. The characteristics of the study participants and their prenatal and neonatal morbidities were described as the mean ± standard deviation (SD) for continuous variables and as numbers and proportions for binary for categorical variables. Unadjusted comparisons between the two groups were performed using the chi-square or Fisher's exact test for categorical data and the t-test for continuous data. Logistic regression was www.nature.com/scientificreports www.nature.com/scientificreports/ used to estimate the ORs with 95% CIs to identify the clinical factors between group 1 and group 2 associated with mortality and survival without major morbidities stratified by gestation age group. In multiple logistic regression, significantly different clinical factors associated with mortality and survival without major morbidities between group 1 and group 2 and previously known factors were adjusted. Models included covariates for gestational age, birth weight per 100 g, Apgar score 5 min, antenatal steroid use, delivery mode, histologic chorioamnionitis, and in vitro fertilisation. A P-value < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS version 21 (IBM Corp., Chicago, IL, USA).
Ethics statement. The KNN registry was approved by the institutional review board (IRB) at each participating hospital. Informed consent was obtained from the parents at enrollment by the NICUs participating in the KNN. Informed consent was waived by IRB for infants who died in the delivery room or at the early stage in the NICU before informed consent was able to be obtained for chart review. All methods were carried out in accordance with the IRB-approved protocol and in compliance with relevant guidelines and regulations.
